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1. Introduction
Over the past decade, organic solar cells (OSCs) have been 
investigated at an increasing pace due to their intriguing fea-
tures such as mechanical flexibility [1–3], semi-transparency 
[4], light weight [3, 5] and also their roll-to-roll processing 
compatibility [6–8], which makes them potential cheap alter-
natives to the currently-dominant silicon-based modules. 
Recently, Zhao et al have reported an 11.7% power conversion 
efficiency (PCE) of solution-processed single-junction OSCs 
[9], while the German company Heliatek GmbH has devel-
oped small molecule-based multi-junction OSCs with a PCE 
as high as 13.2% [10], thus demonstrating commercially inter-
esting and compatible device efficiencies. Small molecule-
based OSCs have an advantage over solution-processed OSCs 
in terms of layer thickness control, film purity and lack of 
toxic solvents [9]. As an important system for small molecule-
based solar cells, the material combination of tetraphenyl-
dibenzoperiflanthene (DBP), as an electron donor material, 
and fullerene (C60 or C70), as an electron acceptor material, 
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Abstract
Exciton blocking effects from ultra-thin layers of N,N′-di-1-naphthalenyl-N,N′-diphenyl 
[1,1′:4′,1″:4″,1‴-quaterphenyl]-4,4‴-diamine (4P-NPD) were investigated in small molecule-
based inverted organic solar cells (OSCs) using tetraphenyldibenzoperiflanthene as the 
electron donor material and fullerene (C70) as the electron acceptor material. The short-
circuit current density (JSC) and power conversion efficiency (PCE) of the optimized OSCs 
with 0.7 nm thick 4P-NPD were approximately 16% and 24% higher, respectively, compared 
to reference devices without exciton blocking layers (EBLs). Drift diffusion-based device 
modeling was conducted to model the full current density–voltage (JV) characteristics and 
external quantum efficiency spectrum of the OSCs, and photoluminescence measurements 
were conducted to investigate the exciton blocking effects with increasing thicknesses of the 
4P-NPD layer. Importantly, coupled optical and electrical modeling studies of the device 
behaviors and exciton generation rates and densities in the active layer for different 4P-NPD 
layer thicknesses were conducted, in order to gain a complete understanding of the observed 
increase in PCE for 4P-NPD layer thicknesses up to 1 nm, and the observed decrease in PCE 
for layer thicknesses beyond 1 nm. This work demonstrates a route for guiding the integration 
of EBLs in OSC devices.
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has shown great promise and has thus been thoroughly inves-
tigated in recent years [11–13]. DBP has a highest occupied 
molecular orbit (HOMO) level at 5.5 eV, a lowest unoccupied 
molecular orbit (LUMO) level at 3.5 eV [14], and exciton dif-
fusion lengths around 9  ±  3 nm [15]. In combination with its 
strong absorption in visible wavelengths up to around 700 nm, 
these properties makes it a suitable donor material to be 
used along with the fullerene acceptor C70. OSCs based on 
the planar-mixed hetero-junction DBP/C70 system have been 
reported to have a PCE up to 6.4% [11].
Upon light irradiation of the active layer, incident photons 
generate excitons, i.e. strongly bound electron–hole pairs, 
which are subsequently dissociated into free electrons and 
holes at the electron donor and acceptor interface, contrib-
uting to a photocurrent upon charge collection at the elec-
trodes. However, the short exciton diffusion lengths in the 
organic compounds may lead to a significant loss of excitons, 
and hence photocurrent, in these devices, which can be even 
further reduced by exciton quenching at the interfaces [16]; 
this leads to an overall loss in the PCE of the devices. Various 
solutions have been reported in order to prevent exciton recom-
bination losses at interfaces, including one that implements an 
exciton blocking layer (EBL) [17] at the interface between 
the electron donor and anode. The EBL assists in blocking 
excitons from quenching at the anode itself, or potentially 
an anode interfacial layer, and thus prevents further charge 
recombination and improves the overall photocurrent, as well 
as the PCE [17, 18].
Zhang et  al have investigated materials such as 
5,10,15-tribenzyl-5H-diindolo[3,2-a:3′,2′-c]-carbazole 
(TBDI), N,N′-diphenyl-N,N′-bis(1-naphthyl)-1,1′-biphenyl-
4,4′-diamine (NPB) and 1,1′-bis(di-4-tolylaminophenyl) 
cyclohexane (TAPC) as an EBL in DBP/C60-based OSCs. 
They reported that the overall efficiency of the OSCs increases 
to 1.70%, 1.33%, and 1.33% with a 10 nm EBL of TBDI, NPB 
and TAPC, respectively, compared to a 1.25% efficiency of the 
reference OSCs without an EBL [18]. Barito et al have also 
reported that inserting thin films of N,N0-bis(naphthalen-1-yl)-
N,N0-bis(phenyl)-2,20-dimethylbenzidine (α-NPD) between 
the electron donor and the hole transport layers (HTLs) in 
boron subphthalocyanine chloride (SubPc)/C60 solar cells pre-
vents exciton quenching at the electrode [19].
N,N′-di-1-naphthalenyl-N,N′-diphenyl [1,1′:4′,1″:4″,1‴- 
quaterphenyl]-4,4‴-diamine (4P-NPD) (molecular structure 
shown in figure 1(c)) is an intrinsic semiconductor mat erial, 
widely used as a blue fluorescent emitter in highly efficient 
organic light emitting diodes [20]. It has a LUMO level at 
2.3 eV and a HOMO level at 5.7 eV, and has a high hole 
mobility [20, 21]. This also makes 4P-NPD suitable to be used 
as an EBL in OSCs, which, however, has not been investigated 
to date. In this work, thin films of 4P-NPD with different 
thicknesses were investigated as an EBL sandwiched between 
the electron donor and HTL in inverted planar hetero-junction 
solar cells. In addition, in order to understand the physical 
processes involved in the implementation of the 4P-NPD layer 
in the devices, drift-diffusion-based device modeling was 
conducted for various different thicknesses of the novel EBL. 
Importantly, coupled optical and electrical device simulations 
resulted here in an in-depth understanding of the involved 
optical and electrical effects that arise due to the implemen-
tation of the 4P-NPD EBL, leading to a full explanation of 
the raise in PCE when implementing ultra-thin (below 1 nm) 
4P-NPD films in the devices.
For an EBL to perform efficiently between the electron 
donor and HTL, the LUMO level of the EBL should be 
higher than the LUMO of the donor in order to block exci-
tons reaching the interface. From the energy level diagram in 
figure 1(b), it is seen that 4P-NPD has a high lying LUMO 
level compared to the LUMO level of DBP, which indicates 
the possibility of efficient exciton blocking behavior and pre-
vention of charge recombination at the DBP and molybdenum 
trioxide (MoO3) layer interface. This is a strong motivation 
for incorporating 4P-NPD thin films as an EBL in OSCs. 
The HOMO level of 4P-NPD (5.7 eV), however, is placed 
at around 0.2 eV lower than that of DBP (5.5 eV), which at 
the same time may impede charge transport and needs to be 
investigated further. Here, OSCs were fabricated in the con-
figuration shown in figure 1(a). The 4P-NPD layer with thick-
nesses of 0.7, 1 and 5 nm was sandwiched between the DBP 
and MoO3 layers.
2. Material and methods
Indium-tin-oxide (ITO) (≈140 nm) coated BK-7 glass sub-
strates (Luminescence Technology Corp., Taiwan), with sheet 
resistance of approximately 15 Ω/sq, were patterned by a posi-
tive lithography process. Patterned ITO glass substrates were 
cleaned in an ultrasonic bath using acetone and isopropanol 
followed by blow-drying with nitrogen (N2) gas. A commer-
cial ZnO semi-conductive ink (Genes’ Ink, France) was spin 
coated on the patterned ITO glass substrates at a speed of 
1000 rpm and acceleration of 3000 rpm s−1 for one min fol-
lowed by annealing on a hot plate at 120 °C for ten min in a N2 
filled glove box. ZnO-coated substrates were then loaded into 
a cluster deposition system, which is directly connected to the 
N2 glove box. C70 (Sigma-Aldrich, Germany) was deposited 
at a growth rate of 0.5 Å s−1, DBP (Luminescence Technology 
Corp., Taiwan) at 0.3 Å s−1 and 4P-NPD (Luminescence 
Technology Corp., Taiwan) at 0.1 Å s−1 by organic molec-
ular beam deposition at a base pressure of 3  ×  10−8 mbar 
without breaking the vacuum in-between the depositions. 
MoO3 (Sigma-Aldrich, Germany) was deposited at a rate of 
at 0.3 Å s−1 and silver (Ag) (AESpump ApS, Denmark) at 1 
Å s−1 by thermal evaporation at a base pressure of 5  ×  10−7 
mbar, again without breaking the vacuum between these and 
the organic layer depositions. A water-cooled quartz crystal 
oscillator was used to control the growth rate and thickness of 
the evaporated layers. Shadow masks were used to define the 
active cell area of the OSCs, which in this case was approxi-
mately 2 mm2. Hole only devices (HODs) were fabricated 
with the device structure: ITO/DBP (15 nm)/4P-NPD (0, 0.7, 
1 and 5 nm)/MoO3 (10 nm)/Ag (100 nm).
The current density–voltage (JV) characteristics of the fab-
ricated OSCs were measured in ambient air with a voltage 
sweep from  +2 to  −1 V using a 2400 source measure unit 
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(Keithley Instruments Inc., USA). A class AAA solar simulator 
(Sun 3000, Abet Technologies Inc., USA) with a lamp inten-
sity of 100 mW cm−2 was used for light irradiation. In order 
to generate a statistical basis, six cells were measured for each 
of the investigated device types. EQE measurements were per-
formed by irradiating the samples with a 150 W Xenon lamp 
through a monochromator (VIS-NIR Newport Cornerstone 1/4 
m) followed by fiber coupling into a Mitoyo FS-70 microscope 
in air. A silicon photodiode (Hamamatsu S2386-44 K) was 
used to measure the incident power. EQE measurements were 
performed directly after measuring the JV characteristics in air. 
Photoluminescence (PL) intensity measurements of the struc-
ture: Quartz/MoO3 (10 nm)/4P-NPD (0, 0.7, 1 and 5 nm)/DBP 
(15 nm), were performed in air through a microscope objec-
tive (Nikon E Plan 50X 0.75 EPI) of a fluorescence micro-
scope (Nikon Eclipse ME600) having a mercury short arc lamp 
with a filtered excitation wavelength centered between 330 
nm–380 nm as a light source. Atomic force microscope (AFM) 
images of ITO/ZnO/C70 (30 nm)/DBP (15 nm)/4P-NPD (0, 0.7, 
1 and 5 nm) structures were scanned using a Veeco Dimension 
3100 scanning probe microscope.
3. Results and discussion
Firstly, in order to characterize the morphology of the imple-
mented 4P-NPD layers, AFM studies of the 4P-NPD layers 
on the ITO/ZnO/C70 (30 nm)/DBP (15 nm) layer stack were 
conducted (figure 2). As seen from the AFM images, the layer 
morphology of the 4P-NPD films is similar to the morphology 
of the DBP layer without the 4P-NPD layer on top. This is also 
reflected in the root-mean-square (RMS) roughness, which is 
4.0 nm, 3.9 nm, 3.7 nm and 3.5 nm for the 0, 0.7, 1 and 5 nm 
films, respectively, which suggests no surface aggregation of the 
4P-NPD layer, and we therefore assume that the 4P-NPD layers 
more or less uniformly cover the DBP layer in the devices.
The JV characteristics of the fabricated OSCs are shown 
in figure  3(a) and the performance parameters are listed in 
table  1. For the reference OSCs without the 4P-NPD layer, 
the PCE was 2.97% with an average JSC  =  7.43 mA cm−2, 
fill factor (FF)  =  54.2% and open-circuit voltage, VOC   =  738 
mV. The OSCs with the inserted 0.7 nm 4P-NPD as EBL 
showed significantly increased performance having a JSC of 
8.63 mA cm−2, which is 16% higher than that of the refer-
ence devices. This resulted in a PCE of 3.69%. This result 
indicated a significant exciton blocking behavior of the incor-
porated 4P-NPD layer, i.e. it prevents excitons from recom-
bining at the high work function MoO3 interface, leading to a 
larger photocurrent. The JSC and PCE of the OSCs with 1 nm 
4P-NPD EBL, however, remained very close to the JSC and 
PCE of the reference devices, while both the JSC and PCE 
went further down for OSCs with 5 nm of 4P-NPD EBL. 
The EQE (shown in figure 3(b)) of these OSCs confirms the 
same trend as the JV characteristics. The EQE of OSCs with 
a 0.7 nm 4P-NPD layer increases in the full DBP absorption 
region compared to the EQE of the reference OSCs, which 
justifies the overall increase in JSC. The EQE of the OSCs with 
1 and 5 nm 4P-NPD EBL remains relatively low, where the 
former is very close to the EQE of the reference OSCs.
In order to directly characterize the exciton blocking prop-
erties, as indicated by the JV and EQE measurements, of 
the 4P-NPD films, PL intensity measurements of the layer 
stack of quartz/MoO3 (10 nm)/4P-NPD (0, 0.7, 1 and 5 nm)/
DBP (15 nm) were conducted. From these measurements, 
the impact of various 4P-NPD layer thicknesses on the PL 
Figure 1. (a) Structure of inverted OSC fabricated with various thicknesses of 4P-NPD EBL, (b) energy level diagram of fabricated OSCs 
showing HOMO and LUMO level alignment of the layers and (c) the molecular structure of 4P-NPD.
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intensity of 15 nm DBP layer was investigated, providing a 
measure of exciton blocking effects. The results of the PL 
intensity measurements are shown in figure 4.
Clearly, the PL intensity of DBP (600–800 nm) increases 
with increased thicknesses of the 4P-NPD layer, which 
demonstrates its exciton blocking capabilities. In addition, a 
signal from the 4P-NPD layer (400–550 nm) is observed for 
the 5 nm thick layer, which otherwise for the 0.7 and 1 nm 
layer is below the detection limit of the system. As the thick-
ness of the 4P-NPD layer increases, exciton quenching at 
the MoO3 interface is minimized, leading to an increasing 
PL intensity in the 15 nm DBP layer. Notably, the sample 
having a 5 nm 4P-NPD shows a significantly stronger 
DBP PL, which should result in higher JSC and EQE in the 
devices, as more excitons are expected to be generated in the 
DBP layer. However, this trend is not shown in the JV and 
EQE characteristics of the devices, where instead the overall 
OSC performance decreases with an increase in the 4P-NPD 
thickness above 0.7 nm. One parameter that could influence 
the device results negatively is an increased series resistance 
that arises due to the insertion of the 4P-NPD thin film. In 
Figure 2. AFM (4  ×  4 µm) images of (a) 0 nm, (b) 0.7 nm, (c) 1 nm and (d) 5 nm thickness of 4P-NPD layers on ITO/ZnO/C70 (30 nm)/DBP 
(15 nm) device stack.
Figure 3. Experimental and modeled (a) JV characteristics and (b) EQE measurements of OSCs fabricated with 4P-NPD EBLs of different 
thicknesses.
Table 1. The performance parameters of the fabricated OSCs, with 
and without 4P-NPD EBLs.
4P-NPD 
thickness 
(nm) VOC (mV) JSC (mA cm−2) FF(%) PCE (%)
0 738  ±  18 7.43  ±  0.28 54.2  ±  2.1 2.97  ±  0.14
0.7 770  ±  19 8.63  ±  0.28 55.9  ±  2.6 3.69  ±  0.20
1 764  ±  15 7.40  ±  0.27 56.2  ±  2.7 3.18  ±  0.13
5 766  ±  19 7.18  ±  0.25 53.0  ±  3.4 2.92  ±  0.28
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order to elucidate the effects from the implemented films on 
the hole transport properties, we here developed HODs with 
the different thicknesses of the 4P-NPD layers (figure 5). 
In the developed configuration, holes were injected into the 
device through the ITO electrode and extracted out of the 
device at the Ag electrode. The results show that the series 
resistance of the devices with 0.7 nm 4P-NPD is almost sim-
ilar to the devices with no 4P-NPD EBLs. However, with an 
increasing thickness of the 4P-NPD layer (above 0.7 nm), the 
device series resistance increases significantly.
In order to get a further insight into the observed effects 
and correctly interpret the measurement results, we further-
more conducted drift-diffusion-based device modeling to 
model the full JV curves of the devices (shown in figure 3(a)), 
in combination with EQE simulations (shown in figure 3(b)), 
to study the coupled optical and electrical device behaviors 
including the exciton generation rates and densities in the 
active layer for different 4P-NPD thicknesses. The optical 
model employs the transfer matrix method that considers 
the optical interference between each thin film layer, and the 
electrical model takes into account the interface recombina-
tion caused by charge transfer states [22]. More detailed mod-
eling parameters are listed in table S1 in the supplementary 
information (stacks.iop.org/JPhysD/50/385101/mmedia). As 
shown in figure  6(a), which illustrates the optical interfer-
ence results, when the 4P-NPD layer thickness is increased, 
the exciton generation peak in the C70 layer moves closer to 
the donor/acceptor interface, where the excitons are dissoci-
ated to free carriers. Furthermore, as seen in figure 6(b), the 
increase in the 4P-NPD thickness indeed enhances the exciton 
density in the DBP layer due to the exciton blocking effect. 
These two factors benefit the photocurrent generation, and 
lead to the JSC and EQE improvement at the initial increase 
in the 4P-NPD thicknesses (up to 1 nm). However, when fur-
ther increasing the 4P-NPD thicknesses above 1 nm, the total 
exciton generation in the C70 layer decreases significantly. 
Furthermore, the DBP layer exciton generation peak shifts 
further away from the donor/acceptor interface, and in fact the 
exciton generation decrease near the donor/acceptor interface 
for thicker 4P-NPD layers. The generation peak shifting away 
from the interface results in overall less excitons reaching the 
interface (in our model, the exciton diffusion length in DBP is 
set as 12 nm), which results in less photocurrent, even though 
figure  6(b) demonstrates that the total number of excitons 
in the DBP layer increases (correlates with the observed PL 
increase). These differences in the exciton generation profile 
across the layer stack revealed by the simulations (shown in 
figure  6(a)) therefore successfully explain the observed JSC 
trend at different 4P-NPD thicknesses, and the exciton density 
variation in the DBP layer (shown in figure 6(b)) is consistent 
with our PL observation.
In addition to the above, we find that the series resist-
ance of the 4P-NPD layer is also responsible for the device 
deterioration when the 4P-NPD layer is thicker than 1 nm, as 
also demonstrated in the HODs (figure 5). The JSC and FF 
will be lowered by larger series resistance, whereas the VOC 
will not be affected by this. The experimental and modeled 
JV characteristics in figure 2 verify this trend. We note that 
although the general trend in the experimentally observed 
EQE (figure 3(b)) follows the modeled EQE, i.e. there is a 
larger EQE enhancement for the 0.7 nm 4P-NPD layer in the 
DBP absorption range (above 450 nm), the peak in the EQE 
spectrum around 615 nm observed in theoretical data is not as 
pronounced in the experimental EQE. Discrepancies between 
the experimental and theoretical data could arise due to, for 
example, morphological effects not considered in the device 
modeling. In our experimental morphology studies (figure 2), 
we do not observe any detectable aggregation effects in the 
4P-NPD layers, however, a surface roughness of around 
3.9 nm is present at the DBP/4P-NPD interface, which could 
lead to variations compared to the theoretical data. In addi-
tion, from the AFM we cannot rule out that pinholes in the 
4P-NPD layer could be present, which would modify the cor-
relation between the observed experimental and theoretical 
data. Overall, however, the observed experimental trends are 
verified by the theoretical analysis. In our work, the carrier 
mobility of 4P-NPD is fitted to be 1  ×  10−6 cm2 V−1 s−1, 
which is below the value of 1  ×  10−4 cm2 V−1 s−1 reported in 
the references. One possible reason is that the reported values 
of the 4P-NPD carrier mobility were measured in bulk mat-
erials, whereas our 4P-NPD layers are only a few molecules 
thick. Bad film quality at the MoO3 surface and imperfect 
Figure 4. PL intensity measurements of the layer stack: quartz/
MoO3 (10 nm)/4P-NPD (0, 0.7, 1 and 5 nm)/DBP (15 nm).
Figure 5. JV characteristics of the HODs (layer stack is shown in 
the inset).
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molecular orientation could result in a lower mobility com-
pared to that reported for well-grown bulk materials.
4. Conclusion
In this study, thin 4P-NPD layers with thicknesses of 0.7, 1 
and 5 nm have been implemented as EBLs in DBP/C70-based 
inverted OSCs. The JSC of the cells having an ultra-thin 0.7 nm 
4P-NPD layer increase by approximately. 16% compared to the 
JSC of the reference cells without 4P-NPD EBL. The PCE of 
the OSCs having a 0.7 nm 4P-NPD was measured to be 3.69% 
while that of reference OSCs was 2.97%. The reduced exciton 
recombination losses for thin 4P-NPD layers were confirmed 
by PL intensity measurements. However, for thicker 4P-NPD 
layers a stronger PL intensity signal was observed, which did 
not match the device characteristics. The lower device perfor-
mance for 4P-NPD layers above 1 nm was due to combined 
optical and electrical effects, as investigated from coupled 
optical and electrical device modeling. 5 nm 4P-NPD increases 
the series resistance compared to the 0.7 nm 4P-NPD layer, but 
more importantly, the optical properties in terms of the field 
intensity distribution inside the cell are significantly modified, 
and this reduces the exciton dissociation at the donor/acceptor 
interface. Therefore, considering both the exciton blocking 
and series resistance nature of the 4P-NPD layers, in com-
bination with the modified optical properties of the thin-film 
devices, 0.7 nm 4P-NPD EBL resulted in the highest overall 
performance of the OSCs. The work presented here thus dem-
onstrates a route for the efficient integration of 4P-NPD layers 
as EBLs in OSCs, and also accounts for both the optical and 
electrical modifications that are introduced as a consequence 
of the integration. The described mechanisms may be useful 
for the integration of other EBLs in OSCs in the future.
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